We present the first ex post study that quantitatively analyses the effects of a licence buyback and enhanced quota trading on the profitability and productivity of individual vessels in a fishery. Using firm-level data and a profit index decomposition method, we find that small and large vessels and three different trawler fleets all experienced substantial productivity gains in the year immediately following a licence buy-back and the establishment of a quota brokerage service. The apparent ongoing benefits of the buy-back and increased quota trading over the sample period are in stark contrast to the generally unfavourable long-term outcomes commonly associated with vessel buy-backs in input-controlled fisheries.
Introduction
Many fisheries suffer from excess capacity (Kirkley et al . 2002) despite the use of input controls and limits on the total number of vessels. The consequences of excess capacity include increased harvesting pressure on fish stocks and an inefficient allocation of resources. A common approach of regulators in input-controlled fisheries is to temporarily address the problem of overcapitalisation with a buy-back of vessels, gear, and/or licences so as to reduce aggregate fishing effort.
Typically, buy-backs are funded out of general revenues, and when buybacks are voluntary, the less technically efficient vessels predominate in terms of the fishing capacity removed (Pascoe and Coglan 2002) . Despite their use in fisheries in Canada, the USA, the European Union, Japan, Taiwan, Norway, and Australia (Holland et al . 1999) , and costing millions of dollars, until now there has been no ex post firm-level study that quantitatively analyses the effects of a buy-back on the profits and productivity of the vessels remaining in a fishery. Using a unique data set from the South-east Trawl Fishery (SETF) of Australia, we decompose profits into contributions due to productivity, output prices, input prices, and (quasi-) fixed inputs. The decomposition allows us to assess individual vessel economic performance following a 1997 licence buy-back and the establishment of a brokerage service to stimulate quota trading.
In the following section, we describe the SETF along with details of the buyback program and the brokerage service. Section 3 outlines the general method used to analyse firm-level economic performance, whereas Section 4 describes the decomposition approach for the particular fishery. Section 5 provides an assessment of the impacts of the licence buy-back and the establishment of a brokerage service on economic performance by vessel size and gear type. The paper concludes with a review of the results and their implications for improving productivity in fisheries that suffer from overcapacity.
Australia's South-east Trawl Fishery
The SETF is located in Australia's 200-nautical-mile exclusive economic zone (EEZ). It stretches over a very large area of ocean from south of Sydney to encompass all of Australia's oceans off the coasts of Victoria and Tasmania until just beyond the eastern border of South Australia. The fishery is one of Australia's oldest and is managed by the Australian Fisheries Management Authority (AFMA). The fishery's 100 or so vessels use trawls (otter board, Danish seine, and mid-water trawl) and land over 100 different types of species. Overall, the SETF accounts for about one-fifth of the landed value of the Australian Commonwealth fisheries, or over # A70 million in 1999 -2000. In the past two decades, participants in the fishery have increased their vessel size and capacity. In part, these investments have been made to access deeper water and further offshore fisheries, such as the orange roughy, but they have also occurred as a result of the 'race to fish'. Because of concerns about overcapitalisation, input controls, including restrictions on boat and engine size, were introduced in 1986 but these failed to prevent an increase in the capital employed in the fishery. To help prevent further increases in capacity, AFMA introduced individual transferable quotas (ITQs) in 1992 that encompassed 16 of the major commercial species in the fishery. The initial allocation of ITQs was contentious as some fishers considered their allocations as insufficient compensation for their loss of previous fishing entitlements. The introduction of ITQs also failed to bring about the hopedfor reduction in the number of vessels operating in the fishery with very low levels of quota traded in the first 5 years of the ITQ program. Moreover, for most of the ITQ-managed species, the total allowable catch was non-binding over this period (BRS 2002) . To address these concerns, an industry-assisted quota brokerage service was established in 1997 that greatly increased the level of lease quota trading relative to the period 1992-1996. As a consequence, average yearly lease quota trades increased by more than 50 per cent to 26 000 tons in the period 1997-2000 compared with the preceding 5 years (Kompas and Che 2005) .
Acrimony from the initial allocations, and a concern that ITQs had not delivered the expected benefits to all fishers, led the regulator to also institute a permit or licence buy-back in 1997. The buy-back had a dual purpose: (i) to remedy the acrimony over the initial allocation and its associated uncertainty and litigation; and (ii) to reduce the perceived overcapacity in the fishery. In total, about # A4 million was spent in the buy-back that included # A2.35 million of targeted assistance to 18 fishers designed to avoid further legal action over the initial quota allocation. The sum of # A1.7 million was used to buy back the fishing licences of 27 fishers (AMC Search Ltd. 2000), with seven fishers receiving both a buy-back of their licences and targeted financial assistance.
The licence buy-back removed 14 active licences and 13 dormant or latent licences from the fishery. Overall, the buyout reduced the number of active fishing vessels from 108 to 94 and vessel capital worth approximately # A7 million (AMC Search Ltd. 2000). The buyout was taken up by vessels that were mainly '. . . small scale with annual turnover of less than # A1 million' (AMC Search Ltd. 2000, p. 9). The net effect was to increase the expected profitability in the fishery with the value of the boat licence needed to participate in the fishery rising from # A60 000 to # A85 000 immediately following the licence retirement.
We analyse the economic impact of the vessel buy-back and the brokerage service on the economic performance of fishers as a 'natural experiment'. Surprisingly, given the many millions of dollars spent on reducing vessel capacity in fisheries worldwide, our study is the first ever ex post analysis of such a program, coupled with the effects of quota trading, on individual vessel-level productivity performance.
Method for decomposing firm-level profits
The approach used to decompose relative profits and analyse productivity changes in the SETF is described in detail in Fox et al . (2003) . It offers important advantages over traditional measures of productivity in fisheries (Squires 1992; Jin et al . 2002) in that it provides individual firm-level measures and quantifies the contribution of productivity, inputs, and outputs to relative profits. Thus, it provides an easy way to assess both firm and industry performance at a point in time, and over time.
We briefly review the profit decomposition approach using index numbers. We define the restricted profits of an arbitrary firm b , π b , relative to the restricted profits of another reference firm a , π a , by
A productivity index between firms b and a , denoted by R a , b , is defined as the ratio of an output index and input index between firms a and b , that is,
where the numerator is an implicit output index (Allen and Diewert 1981) , P a , b is a price index of output and variable input prices, where variable inputs are treated as negative outputs and K a , b is a fixed-input quantity index. Productivity defined by Equation (2) is the difference in the output quantity index that cannot be explained by differences in input utilisation. By rearranging Equation (2), we obtain the following profit decomposition,
Using Equation (3), the firms' relative profits can be defined in terms of contributions from output prices ( P a , b ), productivity ( R a , b ), and the fixed input ( K a , b ) without making any behavioural assumptions or restrictions on the specific form of the technology used by firms.
To apply the decompositions in the SETF, we first define as a price vector for vessel b of netput prices specified for M variable netputs, denoted by . In the netput vector, if y b > 0 the good is an output, but if y b < 0, the good is a variable input. The vector of (quasi-) fixed input prices for vessel b is where there are N fixed inputs, denoted by . Both price vectors satisfy the requirement that each element is positive.
As shown by Fox et al . (2003) , the Törnqvist (1936) index has a number of useful properties for constructing the price and fixed-input indexes for use in Equation (3).
1 Using the Törnqvist index, P a , b and K a , b in (3) can be denoted as netput price and quantity indexes and are defined by Equations (4) and (5), where is the profit share of netput m and is the profit share of fixed input n : (4) (5) 1 Although Diewert (1992) finds that the Fisher index has a strong justification from both the axiomatic and economic approaches to evaluating index number formulae, the Törnqvist index has a strong justification from the economic approach (Caves et al . 1982) . In addition, it typically yields results nearly identical to those from the Fisher index, and as will be seen below, it is relatively easy to decompose into contributing components. Unlike the Törnqvist index, the Fisher index does not have an obvious method of decomposition (see, for example, Balk 2004) .
The multiplicative nature of the Törnqvist index allows us to decompose the aggregate price and fixed-input indexes between vessels a and b into a product of individual price and input differences, that is: (6) and (7) where the index for each netput m and fixed-input n is itself a Törnqvist index. In this manner, Equations (3), (6), and (7) collectively represent a detailed decomposition of profits between firms a and b (for related index-number decompositions in different contexts, see the seminal paper by Diewert and Morrison (1986) and also Fox et al . (2002) ). Using these profit decompositions, we can derive individual measures of relative profits over time and the contributions to relative profits from input and output prices, vessel size, and productivity.
Profit decompositions and productivity
The profit decomposition method is applied to the SETF using vessel-level data on the implicit output price, fuel price, price for labour, and a capital measure represented by vessel tonnage. The sample data were obtained by the Australian Bureau of Agricultural and Resource Economics (ABARE) and AFMA logbook data, and are an unbalanced panel of 47 vessels over the period 1997-2000, giving a total of 131 observations. Only 17 of the 47 vessels were surveyed in all four periods. Prices are net of general price changes through deflation by the consumer price index. Because of data inconsistencies, 11 observations were dropped, leaving a total of 120 observations to calculate the profit decompositions. Summary statistics are provided in Table 1 .
The vessel output price is defined as the total value of landings of all fish divided by the total weight of the fish landed for each vessel, giving a common price per vessel over all species.
2 The (implicit) price for labour is defined as the ratio of total vessel labour payments per vessel over the number of trawling hours and then divided by the number of crew. Thus, the 2 Using Hicks' aggregation theorem (Hicks 1946, pp. 312-313) , if the prices of a group of goods vary in strict proportion, then there exists an aggregate quantity (value divided by the factor of proportionality) over these goods that can be treated as if it were a microeconomic good. Diewert (1978) showed that an approximate version of this aggregation theorem will also hold. That is, as long as prices of species are approximately proportional for each vessel in each period, then we can legitimately use an aggregate quantity over all species. An alternative justification derives from Leontief's aggregation theorem (Leontief 1936) , by assuming all quantities vary proportionately. See Diewert (1974) for the implications of aggregation for elasticities of substitution. measure of productivity is not independent of the crew share that is normally paid as a proportion of a vessel's net revenue. Nevertheless, because the crew share is identical for all vessels and over time, this has no effect on our measures of productivity trends over the 1997-2000 period, although if the opportunity cost of labour changes differentially across vessels it would affect measures of economic profit. Fuel expenditures are recorded for each of the vessels and capital is the vessel gross registered tonnage. Provided there is only one (quasi-) fixed input, profits are all attributed to the (quasi-) fixed input and s n , or the share of capital in profit in (5), is unity. Thus, the (quasi-) fixed quantity index defined by (5) reduces to the following, (8) Variable inputs in the fishery are fuel and labour. From Equations (3), (6), and (8), our decomposition of the profit ratio between vessel a and vessel b, where (b = 1, . . . , 120), θ a, b is given by,
In this profit decomposition, the performance of vessel b relative to vessel a can be decomposed into differences due to productivity (R a, b a, b ). An important issue to consider is the effect of changes in fish stocks on both profits and productivity. We can account for stock changes by calculating a resource-adjusted measure of efficiency (Fox et al. 2003) . The stock-adjusted profit decomposition between any arbitrary vessel b and the reference vessel a can be defined by, (10) where stock a and stock b are the values of the overall stock index for reference vessel a and an arbitrary vessel b. Unlike the method proposed by Fox et al. (2003) , the overall stock index calculated for the SETF is a relative measure of stock abundance and does not consider differences in the total allowable catch over the period.
The overall or aggregate stock index is calculated using nine fish species, that account for at least 70 per cent of the total landed weight and value, and include orange roughy, blue grenadier, tiger flathead, redfish, blue warehou, spotted warehou, school whiting, ling, and gemfish. Appropriate data were not available for the other species. The index was created using a Fisher quantity index, Q F , which has the following form: where, using vector notation for species i = 1, . . . , 9, t = 1998, . . . , 2000 and 1997 is the base period. The term q i is the official stock assessment for species i and the prices, p i , are obtained from dividing the total landed value by landed quantities for each species. The calculated overall stock index values over the period are: 1997 = 1. 0000, 1998 = 0.8739, 1999 = 0.8036 and 2000 = 0.7214. 3 Thus, the index indicates a decline in overall fish abundance over the period of the study.
Separate stock indexes by vessel can also be calculated, but a stock index for each vessel is problematic because catch differences would not necessarily reflect variations in catchability across vessels. An alternative approach is to construct stock indexes for vessels that employ the same gear and fish in similar locations. In the SETF, there are three main types of vessels: the inshore otter trawlers, offshore otter trawlers, and Danish seine trawlers. We can calculate a separate Fisher quantity index for each fleet that represents only the fish caught by the respective trawler fleets. For example, the offshore trawler fleet only has about half a dozen vessels that almost exclusively catch orange roughy and, thus, the appropriate stock index is based exclusively on that species. Details of the species compositions used to calculate stock indexes for the other two trawler fleets, as well as the overall stock index, is provided in Table 2 .
For comparative purposes, a reference firm (a) must be chosen. Using a benchmark that is an observed firm or vessel helps fishers to better assess those factors that are constraining profits that are under their control (such as productivity) from factors that are not (such as fuel prices). This also ensures that the property of transitivity is satisfied, so that all bilateral comparisons between vessels are consistent with one another (see Fox et al. 2003) . A natural benchmark vessel is one that maximises profit, 3 Details of the data sources and the total quantity and value of fish landed for each of the 4 years used to calculate the stock index are available upon request. Note that a Fisher index is used here as there is no requirement to decompose the index, see footnote 1 above. Nearly identical results are obtained using a Törnqvist index. Tables 3 to 6 for the years 1997-2000. Geometric means of the index numbers are given in Table 7 for all vessels and separately for small and large vessels. Table 8 provides a summary of vessel performance in terms of the three trawl fleets. For comparability, the stock-adjusted profit ratios in Tables 3 to 8 are all calculated using the aggregate stock index rather than individual fleet stock indexes. A stock adjustment that uses the separate stock indexes for the three fleets, however, can easily be calculated using the adjustment terms provided in Table 9 . For instance, the stock-adjusted profit ratio for each of the three fleets based on their own stock indexes would be calculated by multiplying the values of θ in Table 8 by the appropriate adjustment factor in Table 9 for each year. For example, the 1997 the stock-adjusted profit ratio for offshore vessels using the offshore trawl stock index would be 0.0751 (0.100 × 0.751) while using the aggregate stock index, and as given in Table 8 , it is 0.0721 (0.100 × 0.721).
To assist in the evaluation of the decompositions, the pooled index series are plotted in Figure 1 , where the observations for each of the 4 years are separated by vertical dotted lines. Figure 1 presents the profit decompositions by observation and by period where vessels in each period are ranked in ascending order based on gross vessel tonnage. When comparing the index values, if an index takes a value greater (less) than one, it contributes by expanding (contracting) the stock-adjusted profit ratio defined by θ s . For the reference firm, observation 26 in 2000, its index values are unity and the index values for all other firms are relative to this benchmark.
A value of less than one for the output price index indicates that the contribution of the output price to profit is less than in the benchmark firm. Only five observations have a PO greater than unity, and most vessels have values considerably less than unity. This suggests that an important factor contributing to the profits of the benchmark vessel are the prices it receives for its harvests. A value greater than one for the input indexes for all vessels does not imply that the input prices are greater than for the benchmark vessel. Rather, it indicates that the contribution of that input price to the profit ratio is greater than for the benchmark vessel. This could arise if the input price for the given vessel is less than that of the reference firm as an increase in the fuel price reduces profits. If the input price for a given vessel is identical to the benchmark vessel, the corresponding price decomposition index will be unity.
To illustrate that the profit decompositions are contributions to profits and not absolute ratios, Figure 2 presents the ratios of output and variable input prices and quantities relative to the benchmark vessel. Although these absolute ratios provide information on the variability of these measures across vessels and periods, they do not provide insight into what may be contributing to relative profitability. Moreover, these ratios cannot be used to construct a meaningful index of total factor productivity. Note: The arithmetic mean is used to average over the profit values, whereas the geometric mean is used to average over the indexes. Vessel tonnage (K ) is used to split up observations into 'small' and 'large' vessels. Small vessels are defined as those being lighter than the sample average (K < 0.318), and large vessels are defined as those being heavier than the sample average (K > 0.318). 'No.' denotes the number of vessels in each year/size category.
Productivity, quota trading, and the vessel buy-back
Observation of the profit decompositions reveals a number of insights about vessel performance in the fishery.
Output prices
Scatter plots of the PO index in Figure 1 suggest that the contribution to profits from the implicit output price for all vessel classes rises over time. Table 7 also shows that both small and large vessel classes -defined relative to average vessel size -experienced increases in the contribution to relative profits from rising output prices. For instance, Table 7 indicates that the geometric mean for PO, for small and large vessels, rose from 0. 199 and 0.238 in 1997 and 1998 to 0.374 and 0.360 in 1999 and 2000 . Table 8 provides Note: Using the stock indexes in Table 2 , the adjustment terms for each fleet are (stock 2000 /stock b ) for year b = 1997, . . . , 2000, as in Equation (10), where the reference year is 2000. a similar result when the performance of vessels is partitioned into the three trawler fleets instead of by vessel size.
Input (fuel and labour) prices
No consistent trend is apparent for the variable inputs (PF ) across vessel sizes, the three trawler fleets, or over time, but the contribution of labour to profits does decline over the period. The trend in the relative contribution of labour to profits is consistent with an increase in the value of landings over the period that raised crew remuneration.
Profit performance
Our results suggest that since 1997 profit performance in the fishery has improved for small and large vessels and, on average, for vessels in each of the three trawler fleets. However, the extent to which this is attributable to the combined licence buy-back and industry-assisted brokerage services, and with it increased quota trading, is not immediately clear. The profitability of both small and large vessels in Table 7 , and also the three trawler fleets given in Table 8 , improved over the period 1997-2000 because of a rise in output prices, but this was independent of the buy-back because the fishery has been managed by ITQs since 1992. A possibility exists, however, that the establishment of limited brokerage services for trading quota in 1997 may have stimulated increases in output prices by allowing fishers to adjust their harvests to better suit market conditions and their catches. Such an outcome is supported by the fact that annual lease quota trades increased by over 50 per cent for the period 1997-2000 compared with the period 1992 -1996.
Productivity performance
If the vessel buy-back and increased quota trading combined did have a positive economic benefit to fishers, it should also have raised overall vessel productivity. The evidence from the profit decompositions is that the overall contribution of productivity to profits (R) rose over the period 1997-2000. Productivity increased the most for the offshore otter trawl fleet followed by the Danish seine fleet, but the inshore otter trawl fleet experienced a slight fall in the productivity contribution to profits from 1997 to 2000. This decline with the inshore fleet is due to poor performance of large inshore otter trawl vessels. It also explains why large vessels as a whole experienced a slight decline in productivity over the period, as shown in Table 7 , despite the fact that the few large offshore otter trawl vessels experienced very large productivity gains, as indicated in Table 8 . The good performance of the offshore trawl fleet also explains why the difference in the mean of the profit ratio increased between the offshore and the inshore fleets, and also with the Danish seine fleets, between 1997 and 1998, and 1999 and 2000. A comparison of productivity between small and large vessels shows that both vessel classes experienced a productivity jump in 1998 with the productivity contribution to profits rising by 39 per cent for small and 26 per cent for large vessels. Large productivity gains were also experienced by the three trawler fleets and arose, at least in part, because the total allowable catch for all the quota species was nonbinding prior to 1997. Thus, despite the existence of individual harvesting rights -and partly due to the fact that TAC is not binding for many species -the removal of capacity with the licence buy-back helped to increase the landings of the fishers who remained. This is because the 27 licence holders that were removed by the licence buy-back from the SETF were obliged to sell their quota holdings, thereby allowing remaining fishers to optimise their scale of production and raise productivity. To the extent that the offshore larger boats may have been more constrained in terms of the mix of quota holdings, such a change may have benefited them to a greater extent than other vessels. Further support for the buy-back and increased quota trading as the causes for the productivity increases is that such gains were simultaneous with a decline in catch per unit of effort for seven of the 16 quota species over the period 1997 -1998 (AMS Search Ltd. 2000 , and a decline in the overall stock and also stock indexes for the three trawler fleets.
Licence buy-back and quota trading
The empirical evidence provides support for the hypothesis that the combined licence buy-back and the establishment of a brokerage service instituted in the fishery in 1997 have had a positive impact on profitability via productivity improvements. Unlike vessel or licence buy-backs implemented in other fisheries, such as British Columbia's salmon fishery or the US north-east multispecies fisheries (Holland et al. 1999) , it has occurred within a fishery managed by individual and transferable output controls. Thus, the SETF offers a unique 'natural experiment' where a buy-back, coupled with ITQs, appears to provide ongoing benefits to fishers.
Possible explanations for why the buy-back and the quota trading system together were effective at improving economic performance arise from the nature of sunk costs in fisheries and transactions cost in exchanging quota. The larger the sunk costs, all else equal, the longer is the interval that a fisher will remain in an industry without reinvestment (Vestergaard et al. 2005) . Given that there are very few, if any, profitable alternatives for vessels outside of the SETF, this is likely to have slowed the transition to optimal fleet structure. Thus, additional financing in the form of the 1997 buy-back of licences encouraged the exit of vessels that otherwise would have been delayed. At the same time, the quota brokerage service reduced transactions costs for trading quota and, thus, allowed trades that previously did not take place (Stavins 1995) . This also had a positive effect on profits as it allowed fishers to better optimise their harvesting decisions over the sample period.
Because the payoffs of the combined buy-back and brokerage service are ongoing, occurring in every year of the sample period, it thus appears that the SETF -managed by individual harvesting rights and with an effective quota trading system since 1997 -has been able to partially avoid rent dissipation or the incentive for increases in fishing effort that often follows buy-backs (Campbell 1989; Weninger and McConnell 2000) . Nevertheless, given that TAC is not binding for most species in the SETF, at least until recently, it is possible that the productivity gains achieved over the sample period in this study may have been dissipated in subsequent years.
Concluding remarks
The paper presents the first ex post analysis of individual firm profits and productivity in a fishery following a vessel/licence buy-back coupled with increased quota trading. In particular, the paper analyses a 'natural experiment' of the effects of a 1997 scheme to reduce fishing capacity and the transactions costs associated with quota trading in the South-east Trawl Fishery of Australia. Using an innovative index method that decomposes the contributions of output prices, input prices, vessel size, and productivity to relative profits, the economic performance of vessels is analysed in the year of the buy-back, and for 3 years afterwards.
The results indicate a large range in the relative profits and productivities of vessels within the fishery and measurable differences across vessel sizes and trawler fleets. In the 3 years following the buy-back and the establishment of an industry-assisted quota brokerage service, all vessels have benefited from a rise in output prices. The results also indicate a substantial increase in mean stock-adjusted productivity for all vessel size classes and trawler fleets the year immediately following the licence buy-back and the establishment of the quota brokerage service.
The findings suggest that the buy-back, coupled with individual tradeable harvesting rights and greater quota trading through the establishment of a quota brokerage service, have been successful at improving economic performance. Such a desirable outcome is in direct contrast to the unfavourable long-term outcomes often associated with vessel and licence buy-back in fisheries managed exclusively by input controls.
